This article reports 3 experiments in which effects of orthographic and phonological word length on memory were examined for short lists shown at rapid serial visual presentation (RSVP) and short-term memory (STM) rates. Only visual-orthographic length reduced RSVP serial recall, whereas both orthographic and phonological length lowered recall for STM lists in Experiment 1. Word-length effects may arise from output processes or from the temporal duration of output in recall. In 2 further experiments, output demands were reduced through the use of a recognition test. Recognition accuracy was impaired only by orthographic length for RSVP lists and by phonological length for STM lists in both experiments. The results demonstrate 2 item length effects not simply attributable to increased output time in recall, and implications for theories of STM are considered.
Immediate memory for a visually presented list of words is worse when all the words in the list are long-rhinoceros, diphtheria, uranium, and so on-than it is when they are short-stoat, mumps, zinc, and so on (Baddeley, Thomson, & Buchanan, 1975 ). This effect is found both when the rate at which items are presented is relatively slow, for example, one item per 1.5-2.0 s (Baddeley et al., 1975) , and when this rate is rather fast, for example, 8 items per second (V. Coltheart & Langdon, 1998) . The effect is typically attributed (see, e.g., Baddeley et al., 1975) to phonological length, because uranium is phonologically longer than zinc (whether phonological length is measured in syllables or in phonemes). However, these words also differ in orthographic length (measured by number of letters). How do we know, then, whether the effect is phonological or orthographic? Alternatively, might it be that both forms of length influence accuracy of list recall? Might the cause of the length effect be different for slowly presented lists and for rapidly presented lists? And to what extent are output processes implicated in the length effect? Our main aim in the experiments reported here is to provide answers to these questions.
The question of whether both forms of length influence recall accuracy is important, because such a finding will have implications for theories of STM that propose a purely phonological locus for the word-length effect. Baddeley and his colleagues argued that the effect originates in the phonological loop (e.g., Baddeley, Chincotta, Stafford, & Turk, 2002) . According to another class of psycholinguistic theories, STM functioning is performed by the spoken-language processing system (Howard & Franklin, 1987; Martin, Lesch, & Bartha, 1999; Monsell, 1987) . According to these theories, heard speech is stored in a speech input buffer, and an output buffer is required for speech production. Phonological storage and rehearsal are attributed to storage in the input and output buffers and to generation of covert speech by the speech production system. In these theories, a phonological locus for the word-length effect is assumed. Visual-and orthographic-length effects have been attributed to the use of visual STM (Chincotta, Underwood, Ghani, Papadopoulou, & Wresinski, 1999; Howard, 1995) , but research on visual STM has indicated that its storage capacity is low (Phillips, 1983) .
Alternatively, in theories such as Nairne's (1990) feature model, STM is based on modality-specific and modality-independent features, and the word-length effect arises from the increased opportunities for feature loss in recall of long words (Neath, 2000) . In the feature model, an interaction between information in STM and LTM is assumed. Thus, this model can account for orthographicas well as phonological-length effects.
Consideration of whether rate of presentation differentially influences recall accuracy for items differing in word length is also important, because fast presentation rates are likely to disrupt or even prevent rehearsal at input. Thus, examination of the effects of word length on recall of lists shown at fast rates may lead to theoretically significant findings; for example, effects putatively ascribed to rehearsal at input may be solely, or substantially, attributable to overt or covert vocalization during output. Furthermore, there is evidence that abstract orthographic letter codes are registered at presentation rates of 8 -10 words per second (Kanwisher & Potter, 1990) .
We also aimed to investigate the degree to which output processes are implicated in the length effect by comparing the length effect on list recall (a memory paradigm that makes major demands on output processes) with the length effect on list recognition (a memory paradigm that makes minimal demands on output processes).
Is the Length Effect Phonological, Orthographic, or Both?
Experiments Using Slow Presentation Rates
auditory as well as visual presentation with presentation rate varying between 1 and 2 s per word. The fact that in their experiments, memory span (Experiment 1) and immediate serial recall of five-word lists (Experiments 2, 3, and 4) were reduced by word length with auditory presentation indicates that phonological length can cause the effect. The phonological effect might be due to the greater spoken duration of the long words or to their increased phonological complexity in having more phonemes and more syllables. Baddeley et al. (1975) argued that the length effect was based on increased spoken duration of long words because they obtained a length effect with words like coerce, harpoon, and so on, when compared with bishop, pectin, and so on, which differed in spoken duration despite the fact that both sets consisted of disyllabic words.
An alternative explanation of the long-word disadvantage was proffered by Cowan et al. (1992) , who noted that the long words shared more phonemes than did the short words. Thus, the recall decrement could have been due to phonological similarity rather than to spoken duration. Cowan et al. (1992) selected two phonologically dissimilar subsets of five short and five long disyllabic words from Baddeley et al.'s (1975) sets and presented these visually as five-item lists at a 2-s rate. They obtained a significant but more modest (10%) word-length effect on recall.
However, subsequent researchers using other word pools of short and long duration disyllabic words failed to obtain a length effect on recall (Caplan, Rochon, & Waters, 1992) . Lovatt, Avons, and Masterson (2002) contrasted memory performance on lists selected from the Baddeley et al. (1975) word sets with memory for lists selected from other word sets differing in spoken duration but matched on number of syllables and phonemes. They found that the length decrement on recall was confined to lists selected from the Baddeley et al. word pools. Nevertheless, in two further recent studies, the word-length effect was obtained with other word pools when disyllabic long and short words differed in articulatory duration (Cowan, Nugent, Elliott, & Geer, 2000; Mueller, Seymour, Kieras, & Meyer, in press ). The length effect is also reliably obtained for words differing in the number of phonemes and syllables they contain. With such lists of words, the existence of the length effect with auditory list presentation does indicate an auditory or phonological locus for the effect.
Long words are also less well recalled than are lists of short ones when presentation is visual and rates are between 1 and 2 s per word (Baddeley et al., 1975) . This effect could be phonological or orthographic, or it could arise from both sources. The manipulation that, in many studies, has yielded substantial length effects on recall contrasts lists of monosyllabic words with lists of trisyllabic or even longer words (Baddeley et al., 1975; Caplan et al., 1992; La Pointe & Engle, 1990) . These types of word sets differ in number of letters as well as in number of phonemes and syllables.
Word-length and phonological similarity effects found in individuals with intact memory are both usually absent in recall by patients with acquired STM disorder. However, Howard (1995) reported poorer recall of long-word lists than of short-word lists (with visual presentation) in his patient, HB, who showed no evidence of the use of phonological recoding or rehearsal. Furthermore, Howard demonstrated that HB's recall of digit lists was significantly worse when digits were presented as written number names (seven, three, four) than when they were presented as arabic numerals (7, 3, 4) . Finally, HB's recall of lists of visually presented six-letter words was no worse when the words were disyllabic than it was when they were monosyllabic. These results suggested that the word-length effect on HB's recall was due to orthographic rather than to phonological length. This conclusion was reinforced by the fact that HB showed no effect of word length on list recall when presentation was auditory.
Subsequently, Howard, Chard, and Best (1998) investigated the possibility that orthographic length might contribute to the wordlength effect in STM recall even in subjects with intact memory systems. They manipulated letter length of list items (three vs. six letters) and phonological length (one vs. three syllables). The three-and six-letter monosyllabic words were matched on phonological length (number of phonemes), and the word sets were matched on other relevant psycholinguistic variables. Both forms of increased length (three letters vs. six letters, with equal number of phonemes; one vs. three syllables, with equal number of letters) reduced recall. The phonological-length effect was removed by concurrent articulation, but the orthographic-length effect was not. These results indicate that both orthographic length and phonological length contribute to the difficulty people have in STM recall of visually presented word lists when the words are long. Thus, for visually presented word lists, the word-length effect appears to have a phonological as well as an orthographic basis. Further support for the existence of a visual-length effect on serial recall comes from studies by Chincotta et al. (1999) , who observed larger memory span for arabic numerals (2, 7, 4) than for written number names (two, seven, four). They attributed this length effect to visuospatial working memory, and a contribution to recall by visuospatial storage was also postulated by Cowan, Baddeley, Elliott, and Norris (2003) . Forster (1970) and Potter and Levy (1969) devised a rapid serial visual presentation (RSVP) paradigm in which successive items are visually presented for fixed exposure durations of 80 -125 ms per item with zero interstimulus intervals. Under these conditions, sequences of pictures or words can be fleetingly comprehended, and recall of lists of unrelated words is lower than it is with a rate of 1 word per second (Potter, 1984) . Such recall may be based on activated phonological codes, but it is unlikely to be due to rehearsal during list presentation, because the rate of input is too high to permit it. Evidence demonstrating early registration of phonological codes during RSVP presentation was provided by Bavelier and Potter's (1992) findings of phonological repetition blindness, a difficulty in reporting that both thrown and throne had occurred in the list. A similar difficulty occurred for nonidentical word pairs that were phonologically similar, such as great and freight (Bavelier, Prasada, & Segui, 1994) . Additionally, phonological similarity of word lists reduces recall of lists shown at RSVP rates as well as at the characteristic STM rate of 1 word per second (V. Coltheart & Langdon, 1998) . Thus, it is important to distinguish between two phonological processes. The first involves the initial activation of phonological codes, and the second involves their subsequent subvocal repetition or rehearsal by the "inner voice," which cumulatively adds each new item to the sequence currently being rehearsed. The first of these processes is likely to occur for at least some items during RSVP; the second is unlikely to do so during list input. There is also evidence that orthographic codes are activated and registered in early episodic memory tokens established by briefly presented verbal stimuli (Bavelier et al., 1994; Kanwisher & Potter, 1990) .
Experiments Using Rapid Presentation Rates
Increased word length reduces recall when lists of monosyllabic words are contrasted with lists of polysyllabic words and presentation rates are as high as 9 words per second (V. Coltheart & Langdon, 1998) . This word-length effect could be phonological, orthographic or both. Concurrent articulation (repeated counting from 1 to 5) reduced recall and removed the word-length effect; this is a result that could indicate a phonological locus for the word-length effect. However, concurrent articulation makes demands on general processing resources and might disrupt orthographic as well as phonological encoding of words presented at the high rates of 6 and 9 words per second used in Experiment 5 of V. Coltheart and Langdon (1998) . Thus, it is not clear whether the word-length effect on recall after high presentation rates is phonologically or orthographically based.
The word-length effect was assumed by Baddeley et al. (1975 Baddeley et al. ( , 2002 to arise both from limitations in the capacity of the rehearsal process that occurs during list presentation and from output limits during recall. Given that rehearsal is not likely to be possible with high rates of list input, the word-length effect obtained with lists shown at a rate of 9 words per second might be due to outputprocessing limits in recalling long words. However, it is also possible that initial phonological or orthographic encoding is more difficult for long words exposed for 110 ms and immediately succeeded by the next list item. As noted above, this process can be distinguished from cumulative rehearsal, which typically takes place with the slower 1-2-s presentation rate of STM experiments. We turn now to a consideration of output processes during recall.
What Contribution Do Output Processes Make to the Length Effect?
A controversy has arisen over the possible role of output processes in the finding of diminished recall of long words for lists presented at slow rates. Cowan et al. (1992) found a relationship between recall of later words in a list and the time needed to complete recall of the earlier items. They therefore attributed the length effect to decay during recall output. However, in their recent study, mentioned in the Experiments Using Slow Presentation Rates section, Lovatt et al. (2002) discovered that errors on early list items depress recall scores on later items and that these early errors, rather than output time, cause the lower performance on later list items.
Although they did not manipulate word length, the importance of output time has been shown in another line of research by Dosher and her colleague (Dosher, 1999; Dosher & Ma, 1998) , who found a strong positive correlation between span size and the total time required to complete spoken and key-press recall. Thus, the contribution of output processes to the word-length effect warranted further consideration. The approach taken by several researchers was to reduce output demands by using alternative measures of retention. Avons, Wright, and Pammer (1994) used an unpredictable serial-position probe after each list. With both auditory and visual presentation, long words were less likely to be recalled than were short words with output reduced to a single word only on each trial. Allport (1984) introduced a matching-span task in an attempt to distinguish between STM deficits arising at an input stage and those arising from defective output processes in patients with acquired STM impairment. This task merely requires the patient to compare the presented list with a second list in which the order of a pair of adjacent items is transposed on half of the trials. Thus, only a same-different decision is required, and some patients with a reduced memory span are unimpaired at this matching-span task, whereas other patients' performance is impaired with both retention tests. The word-length effect has also been obtained when a serial-recognition task, a visual form of the matching-span procedure, rather than list recall, was used to test adults with normal memory functioning (Baddeley et al., 2002) . Consequently, research using both probed recall and the serial-recognition tasks has demonstrated that word-length effects are not entirely attributable to the output processes occurring during oral or written recall. The role of output processes in determining orthographic-and phonological-length effects is not known, because the preceding studies contrasted lists in which orthographic and phonological length were correlated. It is also unknown whether the word-length effect can be obtained with fast presentation when output demands are minimized.
Experiment 1
In Experiment 1, we sought to clarify the locus of the wordlength effect through separate manipulations of the two forms of length (orthographic and phonological) using the method introduced by Howard et al. (1998) . We also manipulated presentation rate in order to determine whether the form of the length effect is the same for word lists presented visually at high (9 per second) and low (1 per second) rates. As was noted by Howard et al. and Baddeley et al. (2002) , the selection of suitably matched words differing only in length is constrained. However, we attempted to select reasonably large pools so as to maximize the generality of the findings. The use of large word pools places greater demands on initial item encoding than does the small pool paradigm, in which the same items are repeatedly presented in different order. The results of Howard et al. lead to the expectation that both orthographic-and phonological-length effects would be found with the 1-s presentation rate. If the length effect is primarily due to rehearsal during list input, then the effect with fast presentation rates might be orthographic rather than phonological. On the other hand, if output processes during recall play a substantial role, then a phonological-length effect might be observed for serial recall after both presentation rates. Evidence of a reduction in recall for orthographically long words matched in phonological length to orthographically short words is consistent with the feature model (e.g., Neath, 2000) but not with a phonological-loop account of the word-length effect.
Method
Subjects. Twenty-four undergraduates, postgraduates, and staff members of Macquarie University (9 men and 15 women; mean age 31 years) took part in the study. The students received a payment of AU$5. All reported normal or corrected-to-normal visual acuity.
Stimulus materials. Three sets of 40 words varying in length were selected according to the following criteria. One set consisted of four-letter monosyllabic words, the second consisted of six-to seven-letter monosyl-labic words, and the third set included six-to seven-letter trisyllabic words. The three word sets (short or long monosyllabic and long trisyllabic) were matched on log-word frequency (2.0, 1.66, and 1.54) using the Kučera and Francis (1967) norms and rated imageability taken from the MRC Psycholinguistic Database (M. Coltheart, 1981 , although ratings were not available for a few of the words selected in each category): 4.76, 4.79, and 4.59. The following mean ratings were given for the three sets of 40 words by samples of local undergraduates whose ratings were a little lower but were highly correlated with those in the database: 4.40, 4.49, and 4.05. Monosyllabic words of four and six letters were matched on number of phonemes (4.1 and 4.3, respectively), whereas trisyllabic words had an average of 6.2 phonemes. The short monosyllabic words were all four letters long, and the long monosyllabic words were matched to trisyllabic words in number of letters (6.2 and 6.3, respectively). The word sets are presented in the Appendix. Each of the three word pools was used to construct four sets of 8 lists of five words. No word occurred more than once within each set of 8 lists. Attempts were made to minimize semantic relationships as well as orthographic and phonological overlap of words within each list, and the nature of any overlap varied from list to list. The following are examples of the three types of lists: BELT, GLAD, JUMP, MIST, NEWS (four-letter monosyllabic); SLEEVE, THREAT, SPRING, PRAISE, WARMTH (six-letter monosyllabic); and AVENUE, BENEFIT, IODINE, POETRY, RECIPE (six-letter trisyllabic). Each subject was presented with two blocks of 24 lists (8 lists for each word length), one at each rate. Thus, each word was seen twice by each subject, once in each block (hence once at each presentation rate) but in different lists consisting of new combinations of words of the same length. Lists of each of the three types were randomly intermixed within each block.
Apparatus and procedure. The words were displayed in lists of five items in uppercase bold black 12-point Courier New font on a 47.5-cm Trinitron color computer screen controlled by a 1.4-MHz personal computer by means of the DMDX software (Forster & Forster, 2003) . Each word was presented in the center of the screen on a white background for 1 s in the STM condition and 117 ms in the RSVP condition with zero ISI between successive words of each five-word list. Each list was followed by immediate written recall on serial-position marked sheets of a small pad. Six practice trials (constructed from additional words) preceded each block of 24 lists that were all shown at the same rate. Order of lists within each block was randomized for each individual subject. The four versions of the lists were counterbalanced across presentation rate.
Results
Mean percentages of words recalled in correct serial position are shown in Figure 1 . An analysis of variance (ANOVA) with repeated measures factors of presentation rate and word length revealed the following significant effects. There was a significant main effect of word length: Recall for short (four-letter) words exceeded recall for long (six-letter) words, F(2, 46) ϭ 37.4, MSE ϭ 73.6, p Ͻ .0001. The slower rate of presentation increased recall: F(1, 23) ϭ 111.7, MSE ϭ 131.6, p Ͻ .0001. There was also a significant Presentation Rate ϫ Word Length interaction, F(2, 46) ϭ 5.6, MSE ϭ 57.8, p Ͻ .007. This interaction reflected different effects of word length for each presentation rate. At the RSVP rate, four-letter words were better recalled than six-letter words, F(1, 46) ϭ 19.9, p Ͻ .001, and there was no significant difference in the recall of the two types of six-letter words, whereas with the STM rate, four-letter words were better recalled than six-letter monosyllabic words, F(1, 46) ϭ 39.8, p Ͻ .001, and six-letter monosyllabic words were better recalled than six-letter trisyllabic words, F(1, 46) ϭ 6.09, p Ͻ .02. Thus, there was only an orthographic-length effect for RSVP list recall but both an orthographic-and a phonological-length effect for lists shown at the STM rate.
Mean recall accuracy as a function of serial position is illustrated in Figure 2 for each list type and for the two presentation rates. It is apparent that with the STM (1 s) exposure duration, word recall declined across Serial Positions 1-5, with the exception of a small recency effect for the last item for the six-letter word lists. Trisyllabic words were clearly worse recalled than monosyllabic six-letter words in Serial Positions 2, 4, and 5. In contrast, the RSVP exposure duration yielded strong primacy and recency effects for first and last list words for all three word lengths with recall differences confined to those between four-and six-letter words. Furthermore, in the RSVP condition, recall of the last word was actually superior to recall of six-letter words shown for 1 s in the STM condition.
Recall was also scored without regard to order, and similar significant main effects were obtained. Recall scores were significantly higher with the STM rate (71.9%) than they were with the RSVP rate (58.1%), F(1, 23) ϭ 84.8, MSE ϭ 81.9, p Ͻ .0001, and the main effect of word length was also significant, F(1, 46) ϭ 64.8, MSE ϭ 40.3, p Ͻ .001. Recall of four-letter words exceeded recall of six-letter monosyllabic and trisyllabic words (73.5% vs. 60.1% and 61.4%, respectively), F(1, 46) ϭ 106.6, p Ͻ .001 for the comparison between four-and six-letter monosyllabic words. However, the Presentation Rate ϫ Word Length interaction was not significant ( p Ͼ .15). Thus, using item-recall accuracy only, with both exposure durations, recall was inferior for six-letter words with no additional reduction incurred by increase in phonological length.
It has been argued that the primary function of phonological coding in STM is the representation of serial-order information. This is undoubtedly true when lists are composed of a small set of items repeatedly used to create lists that differ primarily, or even only, in serial order. The use of large word pools in Experiment 1 made considerable additional demands on item encoding. As noted above, free-recall scores were higher than were serial-recall scores, indicating the presence of order errors in recall. However, serial scoring requires that an item be reported in its correct position, and we noted that order errors found at the RSVP rate were largely caused by omitted items rather than by transpositions; for example, the third word was omitted and the blank is incorrectly attributed to Serial Position 4. This resulted in lower order accuracy scores despite the fact that relative word order (Word 4 follows Word 2 and precedes Word 5) was correct.
We therefore calculated for each subject in each condition the incidence of list-position transpositions as a percentage of words recalled. The mean percentages are shown in Table 1 . The scores were subjected to an ANOVA, which indicated that when adjusted for the level of recall, the incidence of transpositions did not differ significantly as a function of rate. Thus the analysis confirmed our prior speculation that it is item recall rather than recall of order that is specifically reduced by high presentation rates. The occurrence of transposition errors did not differ significantly across list types shown at the RSVP rate. At the STM rate, as Table 1 indicates, transposition errors were more likely to occur for trisyllabic words than for monosyllabic words, F(2, 46) ϭ 3.60, MSE ϭ 175.9, p Ͻ .05. This confirms prior suggestions that phonological codes play a specific role in retention of order.
Discussion
The results of Experiment 1 demonstrate the existence of two word-length effects for lists shown at the standard STM rate of 1 word per second. Lists of six-letter words were less accurately recalled than were lists of four-letter words when the long and short words were monosyllabic and matched on number of phonemes. Thus, the experiment confirmed the results obtained by Howard et al. (1998) with lists repeatedly selected from eight-word pools, and it extends the finding to tasks requiring a greater degree of item encoding, as words were newly selected for each list from pools of 40 words. A phonological word-length effect was also obtained, with subjects demonstrating decreased recall of trisyllabic six-letter words when compared with monosyllabic six-letter words, again confirming the findings of Howard et al. with a larger word pool.
The serial-position data illustrated in Figure 1 show a primacy effect for the first item with only small differences in recall of short and long words, but the reduction in recall of long words is substantial across Serial Positions 2-5. The difference in recall between monosyllabic and trisyllabic six-letter words is less marked but is apparent for Serial Positions 2, 4, and 5. Recall of both types of long words also exhibits a modest recency effect not shown in the recall of four-letter words. Recency effects are typically absent with 1.0 -1.5-s item exposure durations for visually presented five-item lists of words or familiar objects (e.g., Avons et al., 1994; V. Coltheart, 1999) , but large recency effects are found, as discussed below, with RSVP presentation rates.
Previous research had demonstrated that word length also affects recall of lists shown at RSVP rates of 8 -9 words per second (V. Coltheart & Langdon, 1998) . However, the inferior recall of long words might have been due to orthographic or phonological length. The results of Experiment 1 indicate that a reduction in recall occurred as a function of orthographic length. Six-letter monosyllabic words were recalled less accurately than were fourletter monosyllabic words, and there was no further decrease in recall for six-letter trisyllabic words. Thus, the recall performance in Experiment 1 showed two sources of the word-length effect, orthographic and phonological, for lists presented at an STM rate, and a single orthographic basis for the effect when lists are shown at the much higher rate of nine words per second.
Recall at the RSVP rate shows large primacy and recency effects for the first and last items, effects characteristic of list recall of 4 or 5 items shown at rates of 6 -10 items per second (V. Coltheart, 1999; V. Coltheart & Langdon, 1998 ). In fact, the level of recall for the first and last word in the list exceeds, or is equal to, recall of lists shown at the STM rate. This contrasts with the dramatically lower recall of the intervening words at Serial Positions 2, 3, and 4 for RSVP lists when compared with STM lists. Adopting the correct item-(free recall) scoring criterion raised scores but did not remove the large discrepancy in the level of recall as a function of presentation rate. The analysis of transpositions as a proportion of word recall showed that these sorts of errors occurred at both rates, and there was not a significant increase at the RSVP rate. Analyses of previous research using RSVP lists indicated that order errors frequently arose because of failure to designate correctly the absolute position of omitted items (V. Coltheart & Langdon, 1998) . Thus, order errors were not simply due to transpositions, and the relative order of reported items was frequently correct. For example, given the list A, B, C, D, E, recall might be: A, B, D, -, E with the location of the missed item, C, incorrectly attributed to Serial Position 4. Inspection of the serial position plots for the recall of lists shows that the adverse effect of word length was largely attributable to recall of words in Serial Positions 2-4. For lists shown at RSVP rates, the absence of an effect of length for the last item is inconsistent with an account that attributes the word-length effect largely to delay at output (e.g., Cowan et al., 1992) . There are other results described in the What Contribution Do Output Processes Make to the Length Effect? section showing that word length affects STM even when output time is reduced to a single item or a "yes/no" recognition decision. Avons et al. (1994) used a single-item recall task in which a serial-position probe indicated the item to be recalled. Baddeley et al. (2002) obtained a word-length effect with a serial-recognition task in which the recognition list had a pair of position-transposed items or matched the preceding list. Thus, their task merely required a samedifferent judgment. All of these previous experiments used lists in which long words were orthographically and phonologically longer than were the short words.
Experiment 2
Our further aim in the experiments was to investigate the extent to which orthographic-and phonological-length effects were determined by output processes. Thus, a recognition task, a variant of the matching-span task, was used in Experiment 2. A phonological-length effect confined to recall tasks implicates output processes as the source. A phonological-length effect occurring with the recognition task indicates effects arising at input through phonological recoding and/or rehearsal. If phonological-length effects are confined to slow presentation rates and are found with the recognition task, they imply mechanisms of rehearsal during input. If they occur at the RSVP rate with the recognition task, the impact of phonological length is due to specific difficulties in phonological recoding of polysyllabic words rather than to rehearsal. On the other hand, if only the orthographic-length effect determines memory after RSVP rates, then this indicates an orthographic locus for the effect.
In Experiment 1, both forms of length reduced serial recall after a slow presentation rate. For the RSVP rate, only orthographic length affected recall but perhaps, with low levels of performance, it was difficult to detect an additional phonological effect. The reduced demands of a recognition test might reveal a contribution by phonological length. For half of the recognition trials, the order of two adjacent words of the preceding list was transposed. The serial positions of the transposed words varied randomly. The remaining recognition lists were unchanged. The recognition list was presented simultaneously with all items in a column whose rows indicated serial position. As in Experiment 1, presentation rate was also manipulated. Both decision times and accuracy were recorded for each recognition judgment.
Method
Subjects. A new sample of 32 undergraduates of Macquarie University (9 men and 23 women; mean age 21 years) participated in Experiment 2. All reported normal or corrected-to-normal visual acuity.
Apparatus and procedure. The same apparatus and lists as those used in Experiment 1 were used in Experiment 2, except that a recognition list occurred after each studied list. Thus, lists were presented at a slow (1 s per word) and a fast (125 ms per word 1 ) rate with zero ISI in the center of the screen. After both rates, the recognition list items were presented simultaneously (in the same size and font as that used for list items) following a blank screen delay of 500 ms. The five immediately preceding list words were shown in a column with all words positioned above the location in which list words had occurred. For half of the lists, the order of a pair of words that had been adjacent in the prior list was reversed, and for the remainder, the list order was unchanged. For altered lists, each of the four reversals between adjacent list words (1/2, 2/3, 3/4, 4/5) occurred equally often. The task was to indicate with a key press as quickly and accurately as possible whether the recognition list was the same as the preceding list or whether its order was different. Thirty-two lists of five words for each length from Experiment 1 were presented to every subject, with half of the lists shown at each of the two rates. Thus, each word was presented four times but in new list combinations, twice for each presentation rate. Lists were blocked by rate but not by word length, with lists of each word length occurring in random order within each block, and order of blocks was counterbalanced across subjects. Five practice lists preceded each block.
Results
The mean percentages of correct recognition decisions are shown in Figure 3 . A repeated measures ANOVA in which word 1 The rate of presentation was increased in error by an additional screen refresh in Experiment 2. This change resulted in an 8 ms increase in exposure duration from 117 ms to 125 ms in Experiment 2. Evidence from V. Coltheart and Langdon (1998) indicates that this small increase in exposure duration might slightly increase overall accuracy but would be unlikely to exert any more specific effect on recall. length and presentation rate were within-subjects factors yielded the following results. Recognition accuracy was significantly higher for lists shown at the slower STM rate (86%) than it was for lists shown at the RSVP rate (66%), F(1, 31) ϭ 119.4, MSE ϭ 157.5, p Ͻ .0001. There was a significant main effect of word length with inferior performance on lists of long (six-letter) words when compared with short (four-letter) words, F(2, 62) ϭ 5.7, MSE ϭ 92.2, p Ͻ .006. The Presentation Rate ϫ Word Length interaction was also significant, F(2, 62) ϭ 4.01, MSE ϭ 70.7, p Ͻ .025. The interaction arose because, at the RSVP rate, only the difference between short (four-letter) words and long words was significant, F(1, 62) ϭ 6.76, p Ͻ .02, whereas at the STM rate, only the difference between six-letter trisyllabic and six-letter monosyllabic words was significant, F(1, 62) ϭ 8.83, p Ͻ .005. Thus, at the RSVP rate, orthographic length adversely affected recognition, and at the STM rate, phonological length reduced recognition accuracy. This pattern of results is similar to that found with serial recall in Experiment 1, except that the orthographiclength effect (four-letter monosyllabic vs. six-letter trisyllabic words) was unreliable at the STM rate in this experiment. Figure 4 shows mean recognition-decision accuracy as a function of the locus of the change in word order as well as mean accuracy for unchanged lists for each presentation rate. Performance levels shown in this figure are consistent with the recall data insofar as they show that, in the RSVP condition, order changes were very difficult to detect when these occurred in the middle of the list and involved Positions 2 and 3 or Positions 3 and 4. For lists shown at the STM rate, the differences in decision accuracy were less marked across serial positions, although middle-item changes were also harder to detect when lists were composed of six-letter words.
Task instructions had emphasized speed as well as accuracy in responding, and decision reaction times (RTs) had been recorded. Analyses of the correct response RTs showed no significant difference between responses as a function of presentation rate, with mean RTs equal to 1,585 ms in the RSVP and 1,675 ms in the STM conditions, respectively. The main effect of word length was not significant, but the Presentation Rate ϫ Word Length interaction was significant, F(2, 62) ϭ 5.81, MSE ϭ 24,840, p Ͻ .005. This interaction reflected the fact that decision times following STM presentation were significantly longer for six-letter word lists (1,734 ms for monosyllabic and 1,699 ms for trisyllabic words) than they were for four-letter word lists (1,591 ms), F(1, 62) ϭ 13.59, p Ͻ .0005. For the RSVP condition, decision times did not differ significantly, but the RT means were based on a small number of correct responses.
Discussion
The possibility that word-length effects might be attributable solely to greater delays incurred in the output of long words in recall was considered in Experiment 2, in which a recognition task similar to the matching-span task was used. In this task, the subjects had to judge whether the recognition list sequence matched the order of the items shown in the preceding list. Decisions were significantly less accurate for lists presented at the RSVP rate than they were for lists shown at the STM rate. The difficulty in judging that a pair of list items was transposed was especially marked for the middle serial positions for lists shown at the RSVP rate. This difficulty mirrors the serial-position function in the recall performance of Experiment 1: After RSVP list presentation, the third and fourth list items are frequently omitted, a result found with both serial and free-recall instructions (V. Coltheart & Langdon, 1998).
There was also a significant effect of word length in Experiment 2, in which output demands were reduced to a recognition decision. The accuracy of this decision was higher for short four-letter word lists than for six-letter word lists. However, the crucial variable was orthographic length for the RSVP condition and phonological length for the STM condition. Again, this result is consistent with the results obtained in Experiment 1 in showing that the word-length effect found after RSVP is due to orthographic rather than phonological length.
. Six-letter word lists were harder to recall than were four-letter words, but the incidence of recall transpositions did not vary significantly across list types. In Experiment 2, although detection of list transpositions was affected by orthographic length, this result could be due to inadequate registration of some list items resulting in poor discrimination of the correct item order. For example, if only ABE have been encoded, subjects would be unable to determine which of ABCDE or ABDCE had been the originally presented list. Thus, the recognition task does not only assess retention of serial order, as its performance can be affected by item retention.
With the reduced demands of recognition, orthographic length of items did not significantly affect decision accuracy for STM lists, whereas an increase in phonological length from one to three syllables did reduce accuracy. However, orthographic length did increase decision times by approximately 100 ms for correct decisions. Thus, inspection and/or comparison processes took longer for lists of six-letter words than they did for lists of four-letter words, but the increase in time was modest. Decision RTs did not differ significantly as a function of presentation rate, and they did not differ for different list lengths at the fast rate, but the RTs are based on relatively few responses because of low accuracy levels at the RSVP rate.
Experiment 3
Recognition performance in Experiment 2 showed that visualorthographic length substantially reduced memory at the RSVP rate. In Experiment 3, we examined the possibility that the pattern of results at the RSVP rate might be obscured by a floor effect. Chance performance on the recognition task was 50%, and although it was considerably above this level, performance on orthographically long monosyllabic words might have been too low to permit detection of any further reduction in performance with long trisyllabic word lists. We examined this possibility in Experiment 3 by using exactly the same stimuli, procedure, and recognition task as we used in Experiment 2 but with the objective of raising performance at the RSVP rate. In Experiment 3, word lists at the RSVP rate were reduced from five to four items (lists at the STM rate remained at five items). We anticipated that a reduction in memory load at the RSVP rate would enhance performance so that effects of orthographic and phonological length of list words on recognition memory could be assessed with reduced likelihood of effects being masked by floor effects.
Method
Except where otherwise noted, Experiment 3 was conducted in exactly the same manner as Experiment 2, except that four-item rather than five-item lists were presented at the RSVP rate.
Subjects. A new sample of 24 undergraduates of Macquarie University (4 men and 20 women; mean age 21.3 years) participated in Experiment 3 for course credit. All reported normal or corrected-to-normal visual acuity.
Apparatus and procedure. The same apparatus and procedure as those of Experiment 2 were used, except that subjects were informed before each block that the lists in that block consisted of five items (at the STM rate) or four items (at the RSVP rate).
Stimuli. The four-item word lists used in the RSVP condition were constructed by randomly removing one item from the five-item lists used in the RSVP condition of Experiment 2. The surplus items thus generated allowed for the construction of six additional lists at the RSVP rate, two in each of the three conditions, half in which the list changed at test and half in which it did not. Subjects thus saw 54 trials at the RSVP rate in Experiment 3 and 48 at the STM rate (as in Experiment 2).
Results and Discussion
The mean percentages of correct recognition decisions are shown in Figure 5 . As in Experiment 2, the data were subjected to a repeated measures ANOVA with word length and presentation rate as factors. This analysis showed that mean recognition accuracy was better on STM trials (86%) than it was on RSVP trials (70%), F(1, 23) ϭ 113.16, MSE ϭ 78.70, p Ͻ .0005. There was also a significant main effect of word length, F(2, 46) ϭ 10.36, MSE ϭ 82.28, p Ͻ .0005. Recognition accuracy for lists of short (four-letter) words (83%) was better than it was for lists of long (six-letter) words (75%). A significant Presentation Rate ϫ Word Length interaction also occurred, F(2, 46) ϭ 3.61, MSE ϭ 73.52, p Ͻ .05. This interaction arose because at the RSVP rate, whereas the difference between short and long monosyllabic word lists was significant, F(1, 46) ϭ 8.82, p Ͻ .01, the difference between long monosyllabic and long trisyllabic word lists was not significant. For the STM rate, there were significant differences between both the short and long monosyllabic word lists, F(1, 46) ϭ 5.2, p Ͻ .05, and the long monosyllabic and trisyllabic word lists, F(1, 46) ϭ 5.6, p Ͻ .05. In summary, whereas both orthographic and phonological word length reduced recognition accuracy at the STM rate, only orthographic length had an adverse effect on recognition accuracy at the RSVP rate.
Our purpose in Experiment 3 had been to raise memory performance at the RSVP rate so as to reduce the likelihood that low performance had prevented the detection of a phonological-length effect in Experiment 2. Overall recognition performance at the RSVP rate was higher in Experiment 3 than it was in Experiment 2. Importantly, the same pattern of significant results was found at the RSVP rate as that of Experiment 2: an orthographic-length effect, but no effect of phonological length on performance. At the same time, with the STM rate, a significant decrement in performance due to phonological length was observed in Experiment 3, as it had been in Experiment 2. Given this similar pattern of results at raised levels of performance in the RSVP condition, it is unlikely that the results of Experiment 2 at the RSVP rate were merely due to a floor effect. Moreover, decreases in serial recall due to phonological similarity of list words can be detected with very low levels of performance at RSVP rates (V. Coltheart & Langdon, 1998) .
General Discussion
The experiments had three aims. The first was to investigate whether the word-length effect arose solely from the phonological length of list items, or whether both orthographic and phonological length had concurrent effects on list retention. The second was to investigate the effects of presentation rates on retention of lists that differed in orthographic and phonological length. The third aim was to examine the role of output processes in the word-length effect through the use of both recall and recognition tests, which differed in their demands on output.
With regard to the first aim, the results show the existence of two length effects-one based on the orthographic length of list items and the other on phonological length. Orthographic and phonological length have been confounded in many previous studies. The finding of reduced recall for orthographically long words is inconsistent with accounts that attribute the word-length effect to the phonological loop and are consistent with feature models (e.g., Nairne, 1990) or with psycholinguistic models that incorporate short-term orthographic storage mechanisms (e.g., Rapp, Epstein, & Tainturier, 2002) . Examination of the effects of presentation rate on list retention, discussed in more detail below, is informative about the locus of the processes underlying the wordlength effect. For example, the absence of a phonological effect at RSVP rates (when rehearsal is unlikely) and its presence at STM rates in the experiments reported here indicates the involvement of rehearsal processes during input. Comparing performance on retention tests that differed in output demands at both rates was a third aim of these experiments and one that provided an indication of the locus of word-length effects. For example, the presence of length effects in both recall and recognition tasks at the STM rate challenges the view that, at this rate, the locus of length effects is entirely due to item loss during output.
We now turn to consideration of the results and their implications in more detail. As others have found (e.g., V. Coltheart & Langdon, 1998; Potter, 1984 Potter, , 1999 , the results of Experiment 1 demonstrated that recall of unrelated word lists is substantially worse when items are shown at 8 -10 words per second than when they are shown at the standard STM rate of 1 item per second. The effect of rate was also obtained in Experiments 2 and 3, in which subjects merely had to detect an order change between adjacent list items. In all three experiments, there was evidence that increased word length of items reduced immediate memory. However, the basis of the length effect differed for the two presentation rates. With a standard STM presentation rate of 1 item per second, increases in both orthographic and phonological word length impaired recall. Increase in phonological length also reduced accuracy of same-different recognition decisions. These results are in accord with previously reviewed studies, which obtained wordlength effects with reduced-output memory tests. They confirm and extend (to lists selected from large word pools) the findings of Howard et al. (1998) of two word-length effects, one orthographic and the other phonological. Prior investigators of the word-length effect attributed it to increases in phonological length only (e.g., Baddeley, 1986; Caplan & Waters, 1994) , although Chincotta et al. (1999) had observed a visual length effect with written and arabic numbers (seven vs. 7).
For the much higher rate of RSVP, list recall and recognition were substantially less accurate for six-letter words than they were for four-letter words, and the decrement was attributable to increased orthographic length. The fact that phonological length did not further reduce memory with either retention test helps to constrain explanations of the word-length effects in STM. The phonological-length effect is likely to be due to rehearsal at both input and output, when conditions permit such rehearsal to occur. The fact that the phonological word-length effect is obtained but diminished in magnitude with tasks that reduce output demands indicates that processes operating during input are partly responsible. Earlier we proposed that these processes include retrieval of the spoken form of each written word as it occurs, followed by attempts at cumulative rehearsal. Recall requires retention of later items while earlier items are being output in spoken or written form. Although the explicit overt generation of phonology required for spoken recall is not required for serial recognition and for the recognition task in Experiments 2 and 3, some covert phonological processing and comparison must occur in the performance of these tasks.
The only difference between the fast and slow rate conditions was the exposure duration of list items as performance of the retention tests were subject-paced in both conditions. The fact that increased phonological length did not impair memory in the RSVP conditions must have been due to differences in list processing during input. The most likely difference, as suggested earlier, is that rehearsal, especially cumulative rehearsal, cannot occur at RSVP rates of 8 -9 words per second.
Orthographic length also reduced recall in Experiment 1 and did so after both presentation rates. This effect could have its locus at output, because written recall will take longer for lists of six-letter words than it will for four-letter word lists. When written output was not required (Experiments 2 and 3), orthographic length had less effect on memory for lists shown at the STM rate (although it did significantly reduce performance in Experiment 3). Thus, when words are shown for 1 s each, the orthographic-length effect must chiefly arise from the increased output demands during recall.
Orthographic information must be represented in short-term memory, or subjects would be at chance at recalling which of a pair of homophones had been presented in a list (e.g., sail or sale), although homophones do present some difficulties in STM recall (Kintsch & Buschke, 1969) . Evidence for the involvement of orthographic codes in short-term retention has been presented in a few studies, which showed that orthographic similarity of list words reduces recall (V. Coltheart, 1998; Logie, Della Sala, Wynn, & Baddeley, 2000) . Logie et al. (2000) concluded that STM is supported by some form of visual memory that can retain sequences of items and speculated whether this form of memory might be lexically based or whether storage might be effected by the visual cache of the visuospatial sketchpad.
After RSVP input, orthographic length continued to be a significant determinant of recognition performance in both Experiments 2 and 3. Could this be due to greater difficulty in accessing orthographic entries in the word-recognition system for six-letter than for four-letter words? This seems unlikely, given evidence of accurate report of much longer words (e.g., university) in sentences shown at RSVP rates (Forster, 1970; Potter, 1984 Potter, , 1999 . Potter (1999) attributed the remarkably accurate RSVP sentence recall to rapid orthographic-to-semantic and conceptual activation and to online sentence parsing mechanisms, arguing that sentence recall was reconstructive rather than mediated by explicitly represented phonological codes in the phonological short-term store of working memory.
With unrelated word lists, there will be greater reliance on registration and maintenance of items in phonological codes, because propositional representations will not be activated. Thus, the length effect could be caused by increased orthographic-tophonological encoding demands for the longer words. However, orthographic-to-phonological encoding is possible for words shown at RSVP rates as demonstrated by Bavelier and Potter's (1992) findings of phonological repetition blindness. Moreover, phonological similarity of list words impairs recall of lists shown at rates of 8 -10 words per second (V. Coltheart & Langdon, 1998) . Consequently, the absence of any phonological-length effect at the RSVP rate might be due to the fact that, at least for the range of lengths used in Experiments 1-3, phonological code activation occurred and was unaffected by the number of phonemes (and syllables) and with phonological activation proceeding in parallel.
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When lists are shown at RSVP rates, recall is chiefly reduced for the middle list items as shown in Figure 1 for Experiment 1 and in previous studies (V. Coltheart, 1999; V. Coltheart & Langdon, 1998) . These items are both preceded and followed by other items that have to be registered in memory. The fact that the recognition task in Experiment 2 yielded a serial-position function similar to that of recall indicates that the performance limits with RSVP are at memory-encoding stages. These stages are disrupted both by the ongoing registration in memory of the preceding item and by the interruption and object-substitution masking induced by the immediately following list item.
Earlier we argued that there are two length effects with visual presentation of word lists, a phonological and an orthographic effect. Both of these effects determine recall after STM rates of presentation and phonological length of items continues to affect memory with a less demanding recognition test. The results indicate that the phonological-length effect is not simply due to output processes. Because the phonological effect does not occur with RSVP rates that do not permit rehearsal, the STM length effect is likely to be due to phonological encoding and rehearsal of items at input.
The orthographic-length effect observed for the RSVP presentation rate and both retention tasks may reflect encoding limitations for long words shown at high rates with the same words in the middle of the list missed with both recall and recognition tasks. Thus, the results of Experiments 1-3 support the suggestion that a form of orthographic buffer that registers orthographic codes is required in theoretical accounts of memory for briefly presented sequences of written words as well as for those shown at a standard STM rate.
The analyses of the data of Experiments 1-3 demonstrated reliable interactions of presentation rate and word length of list items that we have interpreted as indicative of different processes occurring when people attempt to remember lists shown at RSVP and STM rates. We acknowledge that double dissociations constitute more conclusive evidence of separable processes. However, selecting a set of words that are orthographically short (four letters) and phonologically long (trisyllabic) as well as matched in other properties to the words used in Experiments 1-3 is not possible in English.
RSVP phenomena such as repetition blindness, which occurs over repeated orthographic stimuli different in visual format, for example, case, font, size, and color (Kanwisher & Potter, 1990) , indicate registration and storage of abstract letter identities for briefly presented items. This form of memory seems to be linguistic and orthographic and to differ from the visual STM investigated by Phillips (1983) , which required longer exposure durations and had a low capacity of one item only, the last one in a sequence. Studies demonstrating a visual similarity effect in STM for verbal items (Logie et al., 2000) , however, suggested that letter features are represented in STM, perhaps in the visual cache component of the visuospatial sketchpad (Baddeley & Logie, 1999; Logie, 1995) . Perhaps the visual cache can store orthographic stimuli such as word or letter sequences; however, it is by no means clear that it can store multiple long words. STM patients who appear to have no access to phonological coding and rehearsal have very reduced memory span (Howard, 1995) , suggesting that any form of visual STM available to them must be limited in capacity. An alternative to the visual cache mechanism might be the graphemic output buffer postulated in models of writing and spelling (Rapp et al., 2002) . This buffer could contribute to the retention of written lists of words. The results of the experiments reported here demonstrate that the orthographic length of list items is a determinant of short-term retention and support theoretical accounts that represent orthographic as well as phonological storage. 
